Migration, restructuring, and dissociation energies of oxygen complexes in silicon are studied theoretically through density-functional total-energy calculations. We find that the stablest oxygen complexes are straight chains that also have the lowest migration energies. The calculated migration energies decrease from 2.3 eV for an interstitial oxygen atom (O i ) to low values of 0.4 -1.6 eV for O 2 -O 9 chains and 1.9-2.2 eV for longer chains. The oxygen chains ͑which are thermal double donors͒ are expected to grow so that the migrating oxygen chains capture less-mobile but abundant O i 's: O n ϩO i →O nϩ1 . Restructuring energies of chains with a side O i into straight oxygen chains are 1.9-2.5 eV. Restructuring gives an essential contribution to the fast diffusion. We find that the shorter O 2 -O 9 chains dissociate primarily by ejecting one of the outermost oxygen atoms.
I. INTRODUCTION
Czochralski-grown silicon has a high concentration of oxygen ͑typically 10 18 O atoms/cm 3 ). 1 Individual oxygen atoms occupy interstitial bond-center positions. 2 The interstitial oxygen atoms (O i ) diffuse by hopping between neighboring bond-center sites with an activation energy of 2.5 eV in a wide range of temperatures 300-1200°C. 2, 3 Clustering of oxygen occurring under the heat treatments during manufacturing processes is a natural consequence due to the supersaturation of oxygen. Quartz precipitates have been observed at high temperatures (Ͼ800°C). 4 The formation process of precipitates is found to be governed by the diffusion of O i . At lower temperatures, especially in the range of 350-500°C, oxygen clustering gives rise to different types of aggregates-the so-called thermal donors. The thermal donors appear as three families: the thermal double donors ͑TDD's͒, shallow thermal donors, and new thermal donors. [5] [6] [7] [8] [9] The presence of thermal donors significantly degrades the performance of the Si wafers used for integrated circuits, and TDD's are probably among the most studied defects in semiconductors. It is commonly believed that TDD's have a common core to which oxygen atoms aggregate to form a series of closely related TDD's. 1 The mechanism and kinetics of the TDD formation are not well understood. 1, [10] [11] [12] The main reason is that the kinetics of the TDD formation cannot be explained with the normal O i diffusivity because it is too low ͑the activation energy of 2.5 eV is too high͒ to explain the observed fast TDD formation occuring with a low activation energy of 1.7 eV. [13] [14] [15] [16] Several models have been suggested when trying to relate the clustering of oxygen to the formation kinetics of TDD's. Almost all models assume an oxygen-containing fastdiffusing species ͑FDS͒ with a low activation energy for migration. 17, 18 The model based on oxygen clustering seems to be most attractive because it can consistently explain the second-order process of O i loss 17, 19 monitored by infraredabsorption experiments. 18 -20 A popular model used to describe the TDD formation assumes that only the oxygen dimer (O 2 ) acts as a FDS. 20, 21 The TDD formation would then proceed as follows: 11, 17, 20, 22, 23 O 2 ϩO 2 TDD1, O 2 ϩTDD1 TDD2, O 2 ϩTDD2 TDD3,
Ӈ. ͑1͒
In this model, the TDD's are immobile. However, extremely high values of O 2 diffusivity are required to account for the successive reactions in Eq. ͑1͒. 22 In the second model, proposed by Murin 
Ӈ. ͑2͒
The basic ingredients in kinetic models are the activation energies for migration ͑or migration energies in short͒ as well as the restructuring, formation, and binding energies for various oxygen clusters influencing directly what kind of kinetics the TDD formation follows. Earlier calculations have shown that the migration energy of O 2 is roughly half that of O i . 24 -29 The purpose of this paper is to report calculated energies for a large number of oxygen complexes obtained from accurate total-energy calculations and to study qualitatively the kinetics of the TDD formation on the basis of these energies. The energies are used in a general kinetic model that will be reported in a forthcoming publication. 30 A short report of this work has appeared earlier.
The format of this paper is as follows. The computational methods are presented in Sec. II. The migration of oxygen complexes is considered in Sec. III, and the energies and their implications for cluster reactions are presented in Sec. IV. The conclusions are drawn in Sec. V.
II. COMPUTATIONAL METHODS
The total-energy calculations are performed using the density-functional theory 31 in the local-density approximation. 32 The calculations are performed using a self-consistent total-energy pseudopotential ͑PP͒ method. 33, 34 The Perdew-Zunger parametrization 35 of the Ceperley-Alder data 36 is used for the exchange-correlation energy. For silicon the norm-conserving Hamann 37 PP including the nonlinear core-valence exchange-correlation corrections is used. The Hamann PP is of the fully separable Kleinman-Bylander form 38 and the s component is used as the local one. The ultrasoft Vanderbilt 39 PP is used for oxygen. A wellconverged plane-wave basis set with a cutoff energy of 28 Ry is used for the valence-electron wave functions. The ⌫-point sampling and cubic 128 atom-site supercells or elongated 108 and 162 atom-site supercells are used. The elongated supercells allow us to study long oxygen chains, because the intersupercell ͓11 0͔ distances are in this case about 22 and 35 Å for the 108 and 162 atom-site supercell, respectively. The supercell size, the lattice constant, and the cutoff energy were tested in previous calculations. [40] [41] [42] [43] The structures are obtained by allowing all ionic coordinates to relax without any constraints until the largest remaining Hellman-Feynman force component is less than 1 meV/Å. The migration paths and barriers are obtained by moving the oxygen complexes as follows. A chosen ͑but otherwise arbitrary͒ O or Si atom of the oxygen complex considered is bound to move in the plane perpendicular to the jump-defining vector connecting its initial and final positions. 44, 45 All other atoms are allowed to relax without constraints. The plane is moved in steps of 0.02-0.1 Å. The migration energies are calculated from the formation energy:
where Q is the charge of the supercell in units of 
III. MIGRATION OF OXYGEN COMPLEXES
A. Single interstitial oxygen atom Figure 1 shows the calculated diffusive jump of a single O atom along the minimum-energy migration path. At the saddle point ͓Fig. 1͑b͔͒ the O atom is approximately threefold coordinated. The corresponding configuration is called the ''Y-lid'' configuration, and the oxygen atom in this configuration is denoted by O y . The calculated saddle-point energy is 2.3 eV ͑2.57 eV for a C 2v -symmetric structure͒ in close agreement with the experimental value of 2.54 eV ͑Ref. 3͒ and with the earlier calculated values of 2.2-2.5 eV ͑Refs. 25-29͒ given in Table I 25 ͓see Fig. 2͑c͔͒ , ͑ii͒ the migration of O 2 through a saddle-point configuration with one oxygen atom in a bond center and the other in a Y-lid position (O i -O y ), 26 and ͑iii͒ the migration of O 2 via a skewed O i -Si-Si-O i structure. 40 The calculated migration energies, defined as the difference between the maximum and minimum values of the formation energy, are summarized in Table I together with the results from other calculations.
We find that the calculated minimum-energy migration path of an electrically neutral O 2 proceeds via O 2r . As shown in Fig. 2 Fig. 2͑e͒ . The calculated rotation barrier is less than 0.1 eV which is less than the calculated migration energy of 0.98 eV ͑Table I͒.
The calculated formation energy for an electrically neutral O 2 migrating via O 2r is shown as a function of the reaction coordinate X in Fig. 3 ͑diamonds͒. The energy has a local minimum C at O 2r ͓Fig. 2͑c͔͒ which is thus a metastable structure. This result agrees qualitatively with the empirical MINDO/3 calculation by Snyder et al. 25 However, quantitatively we find a much shallower valley: 0.06 vs 1.3 eV. Other first-principles calculations by Ewels et al., 26 Ramamoorthy and Pantelides, 28 and Coutinho et al. 29 do not find any metastable O 2r structure but report only a single saddle point. An explanation for this difference may be as follows. It appears from the figures in Refs. 28 and 29 that their O 2r structures in the migration paths differ from our O 2r structure ͓Fig. 2͑c͔͒. This may imply that their migration paths do not pass through the actual minimum-energy configuration. In fact, we find, using a nearby migration path, only a single saddlepoint maximum with an energy of 1.8 eV which is close to the values of 1.5 and 1.4 eV obtained in Refs. 28 and 29, respectively ͑Table I͒. O 2r ͓Fig. 2͑c͔͒ is a metastable double donor. However, the calculated formation energy of O 2r is 0.89 eV higher than that of O 2i indicating that the equilibrium concentration of O 2r probably lies below the detection limit.
As to the dependence of the formation energy on the charge state (0,ϩ, or ϩϩ) all calculated O 2 structures are found to exhibit negative-U behavior. The formation energies of the singly positively charged structures are therefore omitted in Fig. 3 . As shown in Fig. 3 Figs. 2͑a͒-2͑d͔͒ the migration energy is defined as the difference between the maximum and minimum formation energies in Fig. 3 . In n-type silicon with e у0.33 eV the maximum Xϭ0.03 of the neutral formation energy curve ͑diamonds in the electrically neutral state for 0.0ϽXϽ0.2 ͑diamonds in Fig. 3͒ , then in a doubly positive state for 0.2ϽXϽ0.8 ͑squares in Fig. 3͒ , and finally again in the neutral state for 0.8ϽXϽ1.0 ͑diamonds in Fig. 3͒ . This is the chargeexchange-assisted diffusion mechanism. The calculated migration energy is 0.7 eV for e ϭ0.2 eV and the effect of the charge-exchange mechanism is to lower the migration energy below the value of 0.95 eV in n-type silicon.
We find that migration of O 2 via O i -O y is not energetically favorable in contrast to the calculations by Ewels et al. 26 and Coutinho et al. 29 ͑Table I͒. We also find, in agreement with Coutinho et al., 29 
C. Oxygen trimer complexes
A fast-diffusing O 2 may capture an O i within the capture radius ͑typically 5 -8 Å). We use the same capture radius of 5 Å in all our calculations. Figure 4 shows the silicon lattice in the ͓11 0͔ direction along which O 2 is migrating and the bond centers within the capture radius of 5 Å labeled from A to F, according to the increasing distance from the ͓11 0͔ axis. Figure 5 shows the corresponding calculated trimer complexes ͓Figs. 5͑a͒-5͑f͔͒ that result when the migrating O 2 captures an O i at ͑A͒-͑F͒, respectively.
The calculated binding energies between O 2i and O i in the straight chain structure of Fig. 5͑a͒ , called the O 3 chain in the following, and in the branched structure of Fig. 5͑b͒ are 0.31 and 0.23 eV, respectively, and in the rest of the branched structures of Figs. 5͑c͒-5͑f͒ 0.01-0.06 eV. ͑We call a structure which consists of a straight chain and a side O i a branched structure or a branched chain.͒ The total number of bond sites C-F in Fig. 4 is larger than that of bond sites B and A, the ratios being 10:2:1, respectively. Notice that two adjacent bonds of types A, D, and E fit within one period of 2 Ϫ1/2 a in the ͓11 0͔ direction but only one bond of types B, C, and F fits. The probabilities for the formation of the O 3 chain ͓Fig. 5͑a͔͒, the structure ͓Fig. 5͑b͔͒, and the structures in Figs. 5͑c͒-5͑f͒ are thus 1/13, 2/13, and 10/13, respectively. The migration energies of the structures in Figs. 5͑c͒-5͑f͒ are more than 2.3 eV ͑Table I͒ which makes their migration less important. However, their inclusion is important because they increase through restructuring the concentration of O 3 chains that have a low migration energy of 0.68 eV ͑Table I͒ and are responsible for the migration of trimer complexes. The calculated correlated transfer of an electrically neutral O 3 chain along the minimum-energy migration path is shown in Fig. 6 and the corresponding formation energy curve as a function of the reaction coordinate X in Fig. 7 ͑diamonds͒. Likewise to O 2 , the correlated transfer of the O 3 chain occurs via O 2r structures: the staggered O 3 chain ͓Fig. 6͑a͔͒ is transformed via a saddle-point configuration ͓Fig. 6͑b͔͒ to O i -O 2r ͓Fig. 6͑c͔͒, then over the C 2v -symmetric O 3r configuration ͓Fig. 6͑d͔͒ to O 2r -O i ͓Fig. 6͑e͔͒, and next to the staggered O 3 chain ͓Fig. 6͑g͔͒. To complete the correlated transfer in the same ͓11 0͔ direction, each oxygen atom of the O 3 chain in Fig. 6͑g͒ should be rotated by around its Si-Si axis into the configuration shown in Fig. 6͑h͒ . Next, the staggered O 3 chain ͓Fig. 6͑h͔͒ is transferred to O i -O 2r ͓Fig. 6͑i͔͒, then via the C 2v -symmetric O 3r configuration to O 2r -O i ͓Fig. 6͑j͔͒, and then to the staggered O 3 chain ͓Fig. 6͑k͔͒. The rotation by of each O atom around its Si-Si axis brings the O 3 chain into the final staggered form of Fig. 6͑l͒ which corresponds exactly to the initial staggered configuration shifted by 2 Ϫ1/2 a in the ͓11 0͔ direction. The calculated rotational barrier is less than 0.25 eV and thus less than the calculated migration energy of 0.68 eV ͑Table I͒.
As shown in Fig. 7 , the formation energy of the O 3 chain depends on e . In n-type silicon with e у0.48 eV the electrically neutral O 3 chain is the stablest ͑diamonds in Fig.  7͒ among the relevant charge states (0, ϩ, and ϩϩ) in the whole range 0.0ϽXϽ1.0. Thus, the O 3 chain migrates solely in the neutral charge state. The calculated migration energy is 0.68 eV in this case. In ideal p-type silicon with e ϭ0.0 eV the doubly positive O 3 ϩϩ chain is the stablest in the whole range 0.0ϽXϽ1.0 ͑circles in Fig. 7͒ . In this case the O 3 chain migrates solely in the doubly positive charge state and the calculated migration energy is 0.60 eV. For 0.0Ͻ e Ͻ0.48 eV the migration of the O 3 chain is influenced by the charge-exchange mechanism. For example, for e ϭ0.4 eV the O 3 chain migrates first in the neutral state for 0.0ϽXϽ0.17 ͑diamonds in Fig. 7͒ , then in the doubly positive state for 0.17ϽXϽ0.84 ͑triangles in Fig. 7͒ , and finally again in the neutral state for 0.84ϽXϽ1.0 ͑diamonds in Fig. 7͒ . In this case the calculated migration barrier is 0.60 eV which is less than the value of 0.68 eV in n-type silicon. For e ϭ0.2 eV the migration barrier is lowered further below 0.5 eV by the charge-exchange mechanism ͓diamonds ͑0͒ → squares (ϩϩ)→ diamonds ͑0͒ in Fig. 7͔ 
D. Oxygen tetramer complexes
Since the concentration of O i is always by three orders of magnitude ͑or more͒ higher than that of any other oxygen complex, the formation of O 4 by the association of two oxygen dimers is far less important than the reaction O 3 ϩO i →O 4 . Figure 8 The calculated correlated transfer of a neutral O 4 chain along the minimum-energy migration path is shown in Fig. 9 and the corresponding formation energy curve as a function of the reaction coordinate X in Fig. 10 ͑diamonds͒. The correlated transfer of the O 4 chain in Fig. 9 resembles that of the O 3 chain: staggered O 4 the rotational barrier is less than the calculated migration energy of 0.65 eV ͑Table I͒.
As shown in Fig. 10 , the calculated formation energy of the O 4 chain depends on the value of e . In n-type silicon with e у0.51 eV the electrically neutral O 4 chain is the stablest in the whole range 0.0ϽXϽ1.0 ͑diamonds in Fig.  10͒ . In this case the O 4 chain migrates solely in the neutral charge state and the calculated migration energy is 0.65 eV ͑Table I͒. In ideal p-type silicon with e ϭ0.0 eV the doubly positive O 4 ϩϩ chain is the stablest in the whole range 0.0 ϽXϽ1.0 ͑circles in Fig. 10͒ and the O 4 chain migrates solely in the doubly positive charge state. In this case the migration energy is 0.91 eV. For 0.0Ͻ e Ͻ0.51 eV the migration of the O 4 chain is influenced by the charge-exchange mechanism. For example, for e ϭ0.35 eV the O 4 chain migrates first in the neutral state for 0.0ϽXϽ0.1 ͑diamonds in Fig. 10͒ , then in the doubly positive state for 0.1ϽXϽ0.9 ͑triangles in Fig. 10͒ , and finally again in the neutral state for 0.9ϽXϽ1.0 ͑diamonds in Fig. 10͒ . In this case the calculated migration energy is 0.60 eV which is less than the value of 0.65 eV in n-type silicon.
The An experimental kinetic study implies that TDD2 may form via restructuring from TDD1. 20 It is found experimentally that the TDD1 → ͑inactive͒ X state and the TDD2 → X-state barriers are 0.54 and 0.71 eV, respectively. 6, 52 We find from Fig. 10 
E. Oxygen pentamer complexes
The migration energies of the pentamer structures with five oxygen atoms are studied in the same way as the trimer and tetramer structures above. It is assumed that an O 4 chain migrating along the ͓11 0͔ direction captures an O i ͑see The calculated migration energy of the O 5 chain is 0.7-1.2 eV depending on the value of e . It is significantly lower than the migration energies of 2.3-2.5 eV for the branched structures. Thus also in the case of pentamer structures, the O 5 chain is responsible for migration. However, also the branched pentamer structures mentioned must be included in the kinetic model because they increase significantly the concentration of O 5 chains through restructuring which takes place with activation energies of 2.3-2.5 eV.
The calculated correlated transfer of a neutral O 5 chain along the minimum-energy migration path is shown in Fig.  11 and the corresponding formation energy curve as a function of the reaction coordinate X in Fig. 12 ͑diamonds͒. The correlated transfer of the neutral O 5 chain in Fig. 11 proceeds similarly to those of the O 3 and O 4 chains. However, the structure of the O 5 chain in Fig. 11͑a͒ corresponding to the staggered structure of the O 4 chain in Fig. 9͑a͒ is no more so obviously staggered because it seems to contain two adjacent rings. It is still called staggered because ͑i͒ it is electrically inactive similarly to the earlier staggered structures, and ͑ii͒ elimination of the longest bond ͑marked with an arrow͒ in each ring reveals again the usual staggered structure. The correlated transfer of the neutral O 5 chain in Fig. 11 proceeds as follows:
11͑e͔͒. To complete the correlated transfer in the same ͓11 0͔ direction, each oxygen atom of the O 5 chain in Fig. 11͑e͒ should be rotated by around its Si-Si axis. We expect that the rotational barrier is less than the calculated migration energy of 0.7 eV ͑Fig. 12, diamonds͒. Since the C 2v -symmetric O 5 chain in Fig. 11͑c͒ is stabler than the staggered O 5 chain in Fig. 11͑a͒ it would have been more natural to describe the correlated transfer as Fig. 5͑c͒ →5͑d͒→5͑e͒→ and so on. 
As shown in Fig. 12 , the calculated formation energy of the O 5 chain depends on the value of e . In n-type silicon with e у0.52 eV the electrically neutral O 5 chain is the stablest in the whole range 0.0ϽXϽ1.0 ͑diamonds in Fig.  12͒ . In this case the O 5 chain migrates solely in the neutral charge state and the calculated migration energy is 0.7 eV. In ideal p-type silicon with e ϭ0.0 eV the doubly positive O 5 ϩϩ chain is the stablest in the whole range 0.0ϽXϽ1.0 ͑circles in Fig. 12͒ and the O 5 chain migrates solely in the doubly positive charge state. In this case the calculated migration energy is 1.2 eV. For 0.0Ͻ e Ͻ0.51 eV the migration of the O 5 chain is influenced by the charge-exchange mechanism. For example, for e ϭ0.35 eV the O 5 chain migrates first in the neutral state for 0.0ϽXϽ0.16 ͑diamonds in Fig. 12͒ , then in the doubly positive state for 0.16ϽX Ͻ0.84 ͑triangles in Fig. 12͒ , and finally again in the neutral state for 0.84ϽXϽ1.0 ͑diamonds in Fig. 12͒ . The calculated migration energy is 0.8 eV in this case.
Since the electrically active O 5 chain in Fig. 11͑c͒ has a lower formation energy than the electrically inactive staggered O 5 chain in Fig. 11͑a͒ ͑see Fig. 12͒ the bistability met in the cases of the O 3 and O 4 chains disappears here. It is found experimentally that TDD3 does not display bistability. 50, 51 This comparison led us to identify the O i -O 3r -O i chain structure ͓Fig. 11͑c͔͒ as TDD3. 42, 43 F. Large O n "6ÏnÏ13… complexes
The correlated transfers of the large O n chains (6рn р13) are similar to the transfer of the O 5 chain above. As an example, the calculated structures of a neutral O 10 chain along the minimum-energy path are shown in Fig. 13 and the corresponding formation energy as a function of the reaction coordinate X is shown in Fig. 14 
IV. ENERGIES AND REACTIONS

A. Migration energies and association reactions
The calculated migration energies E m , given in Fig. 15 
B. Restructuring
The branched O n complexes have high migration energies of у2.3 eV and have a tendency to restructure into the corresponding straight O n chains which have lower formation energies. This can be seen from the calculated formation energies summarized in Table II. In the restructuring process the foremost captured O atom is transferred via threefold coordinated saddle point͑s͒ to the chain aligning position. These processes resemble the diffusing jump of a single migrating O i . The calculated restructuring energies are 2.1-2.3 The dissociation reactions of the nonchain complexes have a larger number of possible reactions. The binding energies describing the tendency of an oxygen chain to dissociate into fragments can be calculated from their formation energies ͑Table II͒ using the equation In n-type silicon ( e ϭ0.56 eV) the calculated binding energies of the dissociation O n →O i ϩO nϪ1 first increase from 0.2 until 1.6 eV for nϭ2 -6 and then decrease ͓Fig. 16͑b͔͒. This behavior resembles that found by Ourmazd et al. 53 by combining their kinetic model with experiments: their binding energies increase from 0.16 eV to 0.73 eV for nϭ2 -5 and then decrease.
D. Prefactors
Diffusion plays a central role in both the association and dissociation processes of our kinetic model. 30 The diffusion constants are given by
where the main temperature dependence is through the exponential factor. The prefactor A m can be calculated using the transition-state theory 54, 55 or ab initio molecular dynamics. 56 According to the transition-state theory A m is of the general form 54, 55 A m ϭC m •exp͑⌬S/k B ͒, ͑8͒
where C m is a constant and ⌬S is the change in the vibrational entropy when the oxygen chain moves from its initial position to the saddle point. The ⌬S factor in Eq. ͑8͒ is difficult to compute. Another, more direct way would be to evaluate A m from D(T) using constant-T ab initio molecular dynamics at high temperatures. In our case both ways are computationally too demanding. Therefore, in our kinetic model we have used the experimental values for the prefactors A m of the first O k chains (kϭ1 -4). 30 Since there is probably an ''entropic bottleneck'' which will increasingly hinder the motion of the longer O k chains (kϾ4), the diffusivities are geometrically suppressed for longer chains. 30 During the annealing the system is not in equilibrium, and thus configurational entropy is not well defined.
V. CONCLUSIONS
Migration, restructuring, and dissociation energies of oxygen complexes in silicon have been calculated using densityfunctional pseudopotential calculations in the local-density approximation. We find that the stablest oxygen complexes are straight chains, which also have the lowest migration energies. The calculated migration energies decrease from 2.3 eV for an interstitial oxygen atom (O i ) to low values of 0.4 -1.6 eV for O 2 -O 9 chains and 1.9-2.2 eV for longer chains. The oxygen chains ͑and thermal double donors͒ are expected to grow such that the migrating oxygen chains capture less-mobile but abundant O i 's: O n ϩO i →O nϩ1 . The calculated energies for restructuring of branched oxygen chains into straight oxygen chains are 1.9-2.5 eV. It is expected that restructuring increases significantly the concentration of easily migrating chains. We also find that the O 2 -O 9 chains dissociate energetically most favorably by ejecting one of the outermost oxygen atoms.
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